Background. Previous studies have demonstrated that elevated pre-operative monocyte count is an independent predictor of acute neurocognitive decline following carotid endarterectomy (CEA). Monocyte chemoattractant protein-1 (MCP-1), secreted by human endothelial and monocyte-like cells, is a potent mediator of inflammation and mononuclear cell trafficking. This study examines the relationship between peri-operative serum MCP-1 elevation and post-operative neurocognitive injury following CEA.
Summary
Background. Previous studies have demonstrated that elevated pre-operative monocyte count is an independent predictor of acute neurocognitive decline following carotid endarterectomy (CEA). Monocyte chemoattractant protein-1 (MCP-1), secreted by human endothelial and monocyte-like cells, is a potent mediator of inflammation and mononuclear cell trafficking. This study examines the relationship between peri-operative serum MCP-1 elevation and post-operative neurocognitive injury following CEA.
Methods. Fifty-two patients undergoing CEA and 67 lumbar laminectomy (LL) controls were administered a battery of five neuropsychological tests pre-operatively and on post-operative day 1 (POD 1). Change in individual test scores from baseline to POD 1 were converted into Z-score and used to develop a point system quantifying the degree of neurocognitive dysfunction relative to change within the LL group. Neurocognitive injury following CEA was defined as a score greater than 2 standard deviations above mean total deficit scores of LL controls. Serum MCP-1 levels were measured pre-operatively and on POD 1 by enzyme-linked immunosorbent assay.
Findings. Mean percent MCP-1 elevation was higher for the 13 injured CEA patients (147.7 AE 32.4%) in our cohort compared to 39 age-and sex-matched uninjured CEA patients (76.0 AE 16.5%). In unconditional multivariate logistic regression analysis, percent elevation in serum MCP-1 level was associated with neurocognitive injury one day after CEA (OR ¼ 2.19, 95% CI ¼ 1.13-4.26, P ¼ 0.021, for a 100% elevation from pre-operative levels).
Conclusions. Peri-operative elevations in serum MCP-1 levels correlate with acute neurocognitive dysfunction following CEA. These data implicate an
Introduction
Acute neurocognitive decline following CEA is believed to be ischaemic in nature, with cortical injury resulting MCP monocyte chemoattractant protein-1 CEA carotid endarterectomy DWI diffusion weighted imaging LL lumbar laminectomy POD postoperative day from hypoperfusion or plaque embolization. Recent studies suggest that pre-existing microvascular disease may render CEA patients susceptible to cerebral hypoperfusion, initiating neuronal injury during a brief episode of ischaemia. We have previously shown that advanced age, pre-operative monocyte count and history of diabetes mellitus all independently predict neuropsychological decline following CEA [16, 17] . We have also demonstrated that neuropsychological changes are not associated with positive lesions on diffusion weighted imaging (DWI), further implicating a role for regional hypoxia and hypoperfusion [9] .
The cellular inflammatory response is a critical mediator of both acute microvascular failure and chronic arteriolosclerosis [7, 21, 23] . Chemokine-driven migration of inflammatory cells has been implicated in the pathogenesis of cerebral ischaemia=reperfusion injury and may play a central role in cortical dysfunction following CEA [5] . Monocyte chemoattractant protein-1 (MCP-1) is a potent chemokine secreted by endothelial and monocyte-like cells [5] . While it is believed to be inactive in the normal brain [26] , increased MCP-1 concentrations facilitate the inflammatory response, initiating mononuclear cell recruitment in a state of vascular injury [21] . Animal models studies suggest that MCP-1 contributes to exaggerate responses to ischaemia=reperfusion injury [24] . Following CEA, cerebral hypoperfusion may elevate serum chemokine levels in patients primed for cortical injury by pre-existing small vessel disease. The resultant pro-inflammatory milieu would render the neural tissue susceptible to further microvascular changes and ischemic injury. This study examines the relationship between serum MCP-1 levels and neurocognitive decline following CEA.
Materials and methods

Participants
Fifty-two prospectively enrolled patients undergoing elective CEA for both symptomatic and asymptomatic carotid artery stenosis at Columbia University Medical Center (CUMC) between 1998 and 2004 were included in this CUMC Institutional Review Board-approved study. All patients had 60% or greater stenosis of the operative carotid artery and none had undergone previous ipsilateral carotid endarterectomy. After obtaining informed consent, patients were evaluated with a battery of 5 neuropsychological tests before surgery and on POD 1. As described previously, a control group of 67 contemporaneous patients undergoing lumbar laminectomy (LL) with a similar anaesthetic regimen were included to account for effects of general anesthesia on neuropsychological test performance [10] . All tests were performed more than 3 h after administration of any analgesic or sedative medication. Patients (both CEA and LL) who reported a pain score of greater than 5 (on a 10-point scale) during testing were excluded from this study, as we have previously shown that pain confounds neuropsychological test performance [11] . All CEA and LL patients received general anesthesia with routine hemodynamic and temperature monitoring as previously described [10] . Surgical times averaged 155 AE 6 and 144 AE 6 min for the CEA and LL cohorts, respectively (mean AE SEM).
Neuropsychological evaluation
All patients were assessed pre-operatively and on POD 1 by a trained full-time research assistant using a battery of 5 neuropsychological tests chosen to represent a range of cognitive domains as we have described previously [9, 10, 12, 16, 17] . These tests are representative of the outcome measures recommended by a consensus group [19] along with tests used in previous studies of neuropsychological testing after carotid endarterectomy to better elucidate neurocognitive changes [1, 13] . The Boston Naming Test evaluated patients' ability to verbally identify objects pictured on a series of cards. HalsteadReitan Trails Parts A and B evaluated visual conceptual and visuomotor tracking by timing how long it took a subject to connect consecutively numbered circles with a single line (Part A) and then connect the same number of consecutively numbered and lettered circles by alternating between the two sequences (Part B). The Controlled Oral Word Association test assessed verbal fluency, providing information on dominant hemisphere function. Patients were asked to generate as many words as possible that began with a certain letter within 60 sec. Three separate trials were performed at each testing session, one each with the letters C, F, and L. The Copy Portion of Rey Complex Figure test evaluated visuospatial organization, providing insight into the function of the nondominant hemisphere. Patients were instructed to copy the figure and a standardized scoring system was used to evaluate the presence of design-specific features and the accuracy of their locations [10] .
Analysis of MCP-1 Levels
Serial serum samples were collected from CEA patients via indwelling arterial lines or venipuncture prior to 780 (pre-operative level) and one day following (POD 1) their procedure. Each 5 ml specimen was centrifuged at 5000 RPM for 15 min, and the resulting supernatant was stored at À80 C until it was assayed. MCP-1 levels were quantitatively measured in picograms per milliliter using commercially available enzyme-linked immunosorbent assays (BD Biosciences, San Jose, California, USA). Percent change in MCP-1 value was then calculated for each CEA patient.
Statistical analysis
Thirteen injured patients and thirty-nine age-and sexmatched uninjured patients (1:3 ratio) were analyzed in this study. Matching by sex was confirmed using McNemar's test and by age using paired t-test (p ¼ ns). Each neuropsychological test was scored individually for CEA and LL patients as previously described [10] . The change in individual test scores from baseline to POD 1 was converted into Z-score relative to change within the LL group. Z scores were converted into a point system quantifying the degree of cognitive dysfunction associated with each neuropsychological test at POD 1. For each CEA patient, these deficit points were summed to generate a total deficit score (TDS) that measured the global level of cognitive decline. Neurocognitive injury following CEA was defined as a score greater than 2 standard deviations above mean TDS of LL controls. Using this method, neurocognitive outcome is expressed as a dichotomous variable: ''injured'' or ''uninjured''.
Non-parametric Mann-Whitney and Kruskal-Wallis tests were used to perform univariate analyses to investigate potential associations between percent change in MCP-1 levels and the following variables: symptomatic presentation, diabetes mellitus, hypertension, hypercholesterolemia, history of smoking, current use of statin medication, previous myocardial infarction, and previous contralateral CEA. Unconditional univariate logistic regression was employed to examine the relationship between the aforementioned variables and neurocognitive injury on POD 1. Variables with P 0.25 in the univariate analysis were included in the initial multivariate model. A backward elimination variable selection method was then employed to arrive at the final set of independent variables. The likelihood ratio test was used to assess significant differences in multivariate models after controlling for dominant hemisphere and side of surgery. P 0.05 were considered significant in this final model.
Results
No significant associations existed in univariate analysis between demographic variables (symptomatic presentation, diabetes mellitus, hypertension, hypercholesterolemia, history of smoking, current use of statin medication, previous myocardial infarction, and previous contralateral CEA) and percent change in MCP-1 levels (p ¼ ns). Demographic variables and percent change in MCP-1 for injured and uninjured CEA patients are presented in Table 1 . Included are probabil- There was no significant difference between models or odd's ratios when controlling for side of surgery and=or dominant hemisphere.
Discussion
Studies have demonstrated that conventional neurological assessment is insufficient for determining the neurocognitive sequelae of CEA. Neuropsychological tests are sensitive measures of cerebral functioning and predictors of neurological injury. Cognitive decline, not revealed on routine examination, can be demonstrated through a relevant battery of neuropsychological tests. Our clinical CEA model thus affords a controlled paradigm in which to critically examine the role of inflammation in the setting of cerebral ischemia.
In a recent study of post-operative diffusion weighted imaging in a cohort of patients who underwent CEA, we found that patients with post-operative cognitive dysfunction had significantly longer carotid crossclamp times and that neurocognitive injury did not seem to be associated with new DWI-positive lesions [9] . Injury in this cohort may be more consistent with regional hypoperfusion of the distal watershed, rather than an embolic shower. Additionally, the neuropsychological tests employed are measures of global cerebral functioning and may be more sensitive to the affects of flow-related hypoxia than that of small embolic insults.
Strong associations exist between inflammatory processes and atherosclerosis [23] . Chronic inflammation and small vessel disease likely render patients susceptible to neuronal injury following global cerebral hypoperfusion. Our group has demonstrated that advanced age and history of diabetes mellitus are independent predictors of neurocognitive outcome following CEA [17] . We have also shown that elevated preoperative monocyte count independently predicts neuropsychological decline [16] . Each of these factors is associated with microvascular disease and may ''prime'' patients for an exaggerated inflammatory response and resultant cortical injury (not evident on magnetic resonance imaging) following CEA. To this end, our study examined whether patients sustaining neurocognitive decline after CEA exhibited increases in serum MCP-1 levels, a robust indicator of active inflammation.
MCP-1 is a member of the cysteine-cysteine chemokine gene family. Produced by endothelial and macrophage-like cells, it is a potent monocyte chemoattractant factor that causes vascular inflammation, angiogenesis, smooth muscle cell proliferation, and oxidative stress via CC chemokine receptor 2-mediated interactions [6, 18, 22] . MCP-1 has been implicated in the pathogenesis of both chronic and acute cerebrovascular injury [2, 5, 24] .
High MCP-1 levels have been detected in atherosclerotic carotid arteries [3] . Nelken et al. identified MCP-1 mRNA in 16% of cells counted in human carotid endarterectomy specimens, with highest expression seen in organizing thrombi and macrophage rich areas bordering the necrotic lipid core. By contrast, few cells expressing MCP-1 mRNA were found in normal arteries [20] . The authors further documented increased MCP-1 in carotid plaques using immunohistochemical staining and in situ hybridization [8, 20] .
In vitro, MCP-1 can induce chemotaxis of monocytes at subnanomolar concentrations [5] . Wang et al. detected increased levels of MCP-1 mRNA in rodent models of permanent and temporary middle cerebral artery occlusion [25] . Endothelial cells, macrophage-like cells, and neurons all express MCP-1 in the ischemic brain [4, 14, 25] . Animal models studies suggest that MCP-1 contributes to exaggerate responses to ischaemia=reperfusion injury, and immunoneutralization of MCP-1 results in decreased infarct size [24] . Furthermore, elevated MCP-1 protein levels have been demonstrated in human cerebrospinal fluid 24 h after stroke [15] . These authors note that further studies must be done to demonstrate that this change was not due to underlying patient characteristics. In this study using logistic regression to account for underlying patient characteristics, we provide further evidence that MCP-1 rise acutely in response to ischemia.
That post-operative serum MCP-1 levels are significantly elevated in patients suffering neurocognitive change following CEA implies an inflammatory mechanism of injury. These findings are in concordance with our previous studies, suggesting a pivotal role for monocyte activation [16] . A pre-existing inflammatory state, 782 coupled with blood brain barrier breakdown and vasogenic edema induced by regional hypoperfusion, could result in neuronal injury significant enough to cause post-operative neurocognitive decline.
As stated, our previous studies demonstrate that age and history of diabetes mellitus also predict neurocognitive decline following CEA [17] . In order to control for the former, we selected an age-and sexmatched cohort of injured and uninjured patients for comparison in our analysis. The association between diabetes mellitus and post-operative injury was reinforced by our data. Additionally, we found smoking history to be linked with favorable outcome, although this relationship was not observed in prior, larger studies [17] . Percent change in peri-operative MCP-1 levels, however, demonstrated the strongest correlation with outcome in our multivariate analysis. Further investigation is necessary to better elucidate the mechanism of interaction between regional cerebral hypoperfusion and an activated inflammatory infiltrate in the setting of neurocognitive injury following CEA. Inhibition of MCP-1 in CEA patients may result in decreased neurocognitive decline and better outcomes.
